Background. Both the 10-and 13-valent pneumococcal conjugate vaccines (PCV10 and PCV13) induce immunological memory against Streptococcus pneumoniae infections caused by vaccine serotypes. In addition to comparing serum antibody levels, we investigated frequencies of serotype-specific plasma cells (PCs) and memory B-cells (Bmems) as potential predictors of long-term immunity around the booster vaccination at 11 months of age.
Streptococcus pneumoniae can cause acute and lifethreatening invasive diseases including meningitis and sepsis and is the most common pathogen in respiratory infections such as pneumonia and otitis media. The heptavalent CRM 197 -conjugated pneumococcal conjugate vaccine (PCV7; Prevenar) was licensed for children in 2000 in the United States and introduced in the National Immunization Program in the Netherlands in 2006. Afterward, a steep decline in vaccine serotype invasive pneumococcal disease (IPD) and nasopharyngeal carriage was observed [1] [2] [3] [4] [5] . Nonvaccinated groups benefited due to indirect herd effects through strong reduction of vaccine serotype carriage in vaccinated children and subsequent reduced host-to-host transmission to individuals of all ages [3] . In 2009, broader-coverage PCVs became available with 3 (PCV10) and 6 (PCV13) additional serotypes. Besides differing in number of serotypes, PVC10 and PCV13 differ in concentration of the capsular polysaccharides, the conjugation process, and carrier proteins, possibly leading to different immunogenicity and memory induction between these 2 vaccines [6] .
Serum immunoglobulin G (IgG) concentrations against vaccine serotypes are now being evaluated as a predictor for clinical protection against IPD. Apart from circulating antibodies, the induction of differentiated B cells, such as plasma cells (PCs) and memory B-cells (Bmems), may determine immediate and long-term protection against disease. PCs are the source of antibodies, but the short-lived type has a half-life of only 1-10 days [7] . Hence, long-lived PCs and Bmems are important for induction of long-term protection by providing a continuous antibody response and a rapid booster response, respectively. These 2 cell types are both generated in germinal centers and preferentially home in the bone marrow, from which they perform their function [8] . Assessment of the presence of these cell types might refine the prediction of long-term vaccine-induced immunological memory and protection against IPD [9] .
Several immunogenicity studies comparing PCV10 or PCV13 with PCV7 have been performed, showing them to be similar to PCV7 in immunogenicity and safety [10] [11] [12] [13] . However, to our knowledge, no direct comparison of the induction of PCs and Bmems by PCV10 and PCV13 has been published.
In this clinical study, we directly compared the immunogenicity profiles of PCV10-and PCV13-vaccinated children. Their IgG levels and frequencies of circulating PCs and Bmems were described before and after a booster dose at 11 months of age, with a focus on shared serotypes 1, 6B, 7F, and 19F, and on the PCV13-specific serotypes 6A and 19A.
MATERIALS AND METHODS

Study Design
Infants born in the Netherlands during September-December 2011 were enrolled in a controlled parallel group intervention study comparing immunogenicity before and after a booster dose with PCV10 or PCV13 (NTR3069; www.trialregister. nl) (Figure 1 ). In accordance with the Dutch National Immunization Program, the children were vaccinated at 2, 3, 4, and 11 months of age. All children received the same vaccine for all primary series doses and for the booster dose. Children were randomly assigned to groups in which an intravenous 8 mL blood sample was collected just before the booster or 7-9 days afterward for analyses of PC and Bmem frequencies.
From the parents and/or guardians of all study participants, informed consent was obtained before enrollment. The study was approved by a national medical ethics committee and undertaken in accordance with Good Clinical Practice, which includes the provisions of the Declaration of Helsinki. The study staff members and parents were aware of the intervention, but laboratory staff was blinded.
Vaccines
Children in the PCV10 group were vaccinated with Synflorix (GSK, Belgium) during regular visits to well-baby clinics. PCV10 contains 1 μg of serotypes 1, 5, 6B, 7F, 9V, 14, and 23F and 3 μg of serotypes 4, 18C, and 19F. The polysaccharides are conjugated to protein D, except for 18C (tetanus toxoid) and 19F (diphtheria toxoid). Children in the PCV13 group received Prevenar13 (Pfizer, UK) during home visits by the study team. This vaccine contains 2.2 μg of serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F, all conjugated to diphtheria toxoid CRM 197 . Both groups concomitantly received Infanrix-hexa (GSK, Belgium) against diphtheria, tetanus, acellular pertussis, hepatitis B, poliovirus, and Haemophilus influenzae type B (conjugated to tetanus toxoid), at 2, 3, 4, and 11 months of age.
Blood Collection and Storage
The 8 mL blood volume was collected in two 4 mL cell preparation tubes (BD). Plasma and peripheral blood mononuclear cells (PBMCs) were separated within 24 hours by density gradient centrifugation according to the manufacturers' instructions. PBMCs were used fresh, and plasma samples were stored at −20°C until use. For serum isolation, 300 μL blood was collected and stored at −20°C until use.
Serotype Selection
Due to the limited available blood sample volume, 6 serotypes were selected as antigens for qualitative serological and B-cell analysis. These were serotypes 6B and 19F, included in all PCV vaccines (PCV7, PCV10, and PCV13); serotypes 1 and 7F, shared by PCV10 and PCV13; and serotypes 6A and 19A, which are unique to PCV13.
Multiplex Immunoassay
The multiplex immunoassay was used to determine serotypespecific IgG antibody levels, here shown for 6 serotypes (1, 6A, 6B, 7F, 19A, and 19F) as described by Elberse et al [14] . In brief, beads were coated with individual pneumococcal polysaccharides. Serum samples were diluted and incubated together with the beads. IgG concentrations (µg/mL) against the individual serotypes were calculated from the mean fluorescence intensity by interpolation of the plot from the reference serum, 89-SF, and expressed per group as geometric mean concentration with 95% confidence intervals.
PBMC Stimulation
After isolation, PBMCs were washed and resuspended in AIM-V medium (Gibco) containing 10% fetal bovine serum (FBS; HyClone) and penicillin-streptomycin-glutamine (Gibco). Measurement of PC frequencies was performed using freshly isolated cells, whereas Bmems were measured after 5 days of PBMC stimulation in vitro. At 37°C and 5% CO 2 in a 24-well culture plate, the PBMCs were stimulated at a concentration of 2 × 10 6 cells/mL with 3 µg/mL CpG (with a phosphorothioate backbone; Isogen Life Science), 10 ng/mL interleukin 2 (Miltenyi Biotec), 10 ng/mL interleukin 10 (Merck), and a pool of polysaccharides including serotypes 1, 6A, 6B, 7F, and 19F (Netherlands Vaccine Institute) and 19A (American Type Culture Collection) at 2 ng/mL per serotype.
Enzyme-Linked Immunospot Assay
Frequencies of serotype-specific antibody-secreting cells (ASCs), using unstimulated freshly isolated PBMCs (for PCs) or the stimulated PBMCs (for Bmems), were determined by B cell enzymelinked immunospot assay (ELISpot 
Statistical Analyses
Samples were included in the analyses only if serum IgG levels and PC and Bmem frequencies could be determined for all 6 serotypes. Excluding samples with limited cell numbers and serum volume, final group sizes are shown in Figure 1 . Differences between groups were tested using a Mann-Whitney test for PC and Bmem frequencies and a t test on log-transformed IgG levels. Correlations between Bmem frequencies and IgG levels were assessed using Spearman correlation. A P value <.05 was considered statistically significant. Analyses were performed using SPSS 19.0 and GraphPad Prism 6 software. Regression analyses of log-transformed IgG levels were performed to assess the influence of age at vaccination and blood sampling.
RESULTS
Study Population
A total of 132 children were enrolled, with final group sizes varying from 21 to 30 children per group ( Figure 1 ). All groups had comparable baseline characteristics, with the most noticeable difference being age at vaccination, which was lower in the PCV13 group than in the PCV10 group for most time-points (Table 1 ). Shared serotypes (1, 6B, 7F, and 19F), included in both PCV10 and PCV13, were compared. PCV13 serotypes 6A and 19A, not included in PCV10, were analyzed separately.
Serum IgG Responses for Shared Serotypes 1, 6B, 7F, and 19F
Seven months after the primary vaccination series and just before the 11-month booster dose, the pneumococcal serotypespecific serum IgG concentrations had declined to low levels in both groups. Seven to 9 days after the 11-month booster dose, IgG levels against all 4 serotypes increased in both groups ( Figure 2 ; Supplementary Table 1) .
PCV13-vaccinated children showed lower prebooster IgG levels for serotype 6B and higher pre-and postbooster IgG levels for serotype 19F. For serotypes 1 and 7F, IgG responses did not differ between groups, before or after the booster dose (Figure 2 ; Supplementary Table 1) .
PC Frequencies for Shared Serotypes 1, 6B, 7F, and 19F
Prebooster, the PCV13 group showed lower PC frequencies for serotype 6B and higher PC frequencies for serotype 1, compared with the PCV10 group. The PCV13 booster dose increased serotype-specific PCs for 3 of 4 shared serotypes (serotypes 6B, 7F, and 19F), whereas the PCV10 booster increased frequencies of PCs for 2 of 4 shared serotypes (serotypes 1 and 7F) (Figure 3 ; Supplementary Table 2 ). After the booster, no differences were detectable between PCV10 and PCV13 for these 4 serotypes (Figure 3 ; Supplementary Table 2 ). The percentages of children with PC frequencies below the detection limit, variable between groups and serotypes, declined after the booster (Supplementary Table 3 ).
Bmem Frequencies for Shared Serotypes 1, 6B, 7F, and 19F
In both groups, Bmems were detectable for all serotypes prebooster, approximately 7 months after the primary series. Both vaccines induced a booster response, consisting of an increase in Bmem frequencies after the 11-month vaccination, compared with the prebooster frequencies (Figure 4 ; Supplementary Table 4) . Notably, children vaccinated with PCV13 showed higher preand postbooster frequencies of Bmems compared to children vaccinated with PCV10 for 3 of the 4 shared serotypes. The exception was serotype 1, for which the PCV10 group had similar postbooster frequencies compared with the PCV13 group (Figure 4 ; Supplementary Table 4) .
Several infants in the PCV10 group had prebooster only Bmem frequencies below the detection limit, for all serotypes (Supplementary Table 3 ).
Responses to Serotypes Unique to PCV13 (6A and 19A)
Seven months after the primary series with PCV13, PC and Bmem frequencies and IgG levels were still detectable for serotypes 6A and 19A and increased again after the booster dose, except for Bmem frequencies for serotype 19A. Notably, prebooster PC and Bmem frequencies for 6A and 19A were likewise detectable in children primed with PCV10, but they did not increase after the 11-month booster dose (Figures 3 and 4 ; Supplementary Tables 2 and 3 ). In contrast, prebooster IgG levels for serotypes 6A and 19A were boosted by the 11-month PCV10 dose (Figure 2 ; Supplementary Table 1 ). The PCV13 group had higher PC and Bmem frequencies and IgG levels for the PCV13 serotypes than in PCV10-vaccinated children, pre-as well as postbooster. The one exception was that PC frequencies for both serotypes did not differ between both vaccines at the prebooster time-point.
DISCUSSION
To our knowledge, our report is the first direct comparison of B-cell responses induced by PCV10 and PCV13 in Dutch children vaccinated at 2, 3, 4, and 11 months of age. Both vaccines were observed to induce adequate booster responses against the vaccine serotypes. Differences in IgG levels were observed between groups for shared serotype 6B postbooster and for Figure 2 . Comparative analysis of serotype-specific immunoglobulin G (IgG) responses in 10-and 13-valent pneumococcal conjugate vaccine (PCV10 and PCV13) recipients. Geometric mean IgG concentrations (GMC) with 95% confidence intervals from sera of PCV10-or PCV13-vaccinated children, before (left panel) and after (right panel) the 11-month booster. Differences were tested with an unpaired t test on the log-transformed IgG levels. *P < .05 was considered significant. serotype 19F pre-and postbooster. PC frequencies appeared to be comparable between PCV10 and PCV13 before and after the 11-month booster for the 4 evaluated shared serotypes, but were lower for the PCV13-specific serotypes 6A and 19A in the PCV10 group. We found higher serotype-specific Bmem responses in PCV13-vaccinated children compared with PCV10-vaccinated children both before and after the 11-month booster for the shared serotypes, and postbooster for serotypes 6A and 19A.
Our data depict a significant booster-induced increase in PC frequencies for 2 and 3 of 4 shared serotypes (for PCV10 and PCV13, respectively), and in Bmems for all 4 shared serotypes. These findings are similar to booster dose responses in antigenspecific B-cell subsets known from other studies of proteinpolysaccharide conjugate vaccine in infants and young children, such as for H. influenzae type B [15] , meningococcal serogroups A, C, W, and Y [7, [16] [17] [18] , and S. pneumoniae serotypes in PCV7 [19] . Moreover, we observed higher frequencies of serotype-specific Bmems 7 months after the primary PCV13 series compared with the PCV10 series for all 4 of the shared serotypes evaluated. Higher Bmem frequencies were likewise found in the PCV13 group 1 week after the 11-month booster dose for 3 of the 4 shared serotypes, with the exception being serotype 1. These differences in Bmem immunogenicity might result from the higher concentration of polysaccharides in PCV13 compared with PCV10 (except for serotype 19F) or from the variability of conjugate protein or conjugation process. Immunogenicity and functionality of polysaccharide antibodies depends not only on which carrier protein is used, but also on the method of conjugation [20] . Long-term follow-up of antibody levels and clinical surveillance should be used to learn whether the observed differences have clinical consequences.
Only serotype 1 postbooster did not differ in the induction of serotype-specific Bmem frequencies between the 2 vaccines. This polysaccharide is zwitterionic, containing negative as well as positive charges, whereas the other serotypes are negatively charged [21, 22] . A zwitterionic antigen might induce a T-cell-dependent response, through major histocompatibility complex class II, initiating a memory response without help from a conjugate protein [21, 23] . Even though the behavior of zwitterionic polysaccharides in immunological responses is not completely clear, they are known to induce different responses than do nonzwitterionic polysaccharides [21] . This may in part explain why serotype 1 showed no difference in Bmem frequencies in the comparison between PCV10 and PCV13.
Several studies have compared the serotype-specific IgG antibody levels in PCV10 or PCV13 to levels in PCV7, showing that they are noninferior to those of PCV7 [10] [11] [12] [13] . So far, however, no direct comparisons of immunogenicity induced by PCV10 and PCV13 have been published. Interestingly, our data indicated an IgG booster effect for all 6 evaluated serotypes in both vaccine groups, even for serotype 6A and 19A, which are not included in PCV10. Induction of IgG for these 2 serotypes can be explained by cross-protection by serotypes 6B and 19F, respectively. Shown in PCV7 studies for serotype 6A, crossprotection led to carriage reduction and reduction of invasive 6A pneumococcal disease [11, 24] . Cross-reactivity between serotypes 19F and 19A might contribute to the high 19F responses in the PCV13 group [11] . Responses to serotype 19F can likewise be cross-reactive to serotype 19A [11, 20] , but there are conflicting data as to whether these cross-reactive antibodies are functional and protect against 19A disease [11] . Our findings are noteworthy in that although IgG levels of serotypes 6A and 19A increased after vaccination with PCV10, PC and especially Bmem frequencies against these serotypes did not increase. This finding suggests a suboptimal recall for cellular expansion among the cross-reactive vaccine serotypes. Baseline PC and Bmem frequencies specific to serotypes 6A and 19A in PCV10-vaccinated children could also have been induced by natural circulation. In studies of nasopharyngeal carriage in infants, serotype 19A was the dominant serotype then circulating in the Netherlands (Bosch et al, manuscript submitted). In other countries before introduction of PCV13, serotype 19A was likewise one of the most predominantly carried serotypes, as was serotype 6C [25, 26] .
Our study clearly affirms that B-cell memory is measurable for all serotypes tested after 3 primary doses of either vaccine, as a fourth dose rapidly boosted the respective PC and IgG pools. When testing for relationships between the various immune compartments assessed, we only found significant correlations postbooster between the size of the newly expanded Bmem pools and the increased IgG titers, for serotypes 6B and 1 in the PCV10 group, and for serotypes 6B, 19F, 6A, and 19A in the PCV13 group (Supplementary Figure 1) . Such correlations highly depend on the phase in the immune response studied and are not consistently seen throughout vaccine studies [17, [27] [28] [29] . It is possible that the capacity of the primary B-cell memory to drive a renewed Bmem response as well as an IgG response when boosted may differ for serotypes between PCV10 and PCV13. Whether the Bmems induced by these 2 vaccines might intrinsically differ in their differentiation capacities needs further investigation.
The strength of this study is the direct comparison of PCV10-and PCV13-vaccinated children, which overcame problems such as differences in immunization schedule, age at vaccination, and environmental exposure (eg, differences in the natural circulation of serotypes across geographic regions) [30, 31] . Limitations are that the PCV13 children were younger during the primary series and on average postbooster blood samples were collected 0.4 days earlier, compared with the PCV10 group. However, similar findings were obtained after we corrected for these differences by regression analyses for IgG titers and by selection of more restricted age groups for the frequency analysis of PCs and Bmems. Furthermore, the age difference is unlikely to have contributed to the higher Bmem responsiveness of the younger PCV13 infants, as an older and more matured immune system is more likely to show a higher immunological response [7, 30] . Therefore, the observed effect was probably induced by the vaccine itself and is not due to a difference in age at vaccination.
Last, this study shows that differences in immunogenicity between 2 conjugate vaccines can be serotype specific, as for some serotypes PCV13 induced similar serum IgG levels compared with PCV10, whereas for others the IgG levels were higher. Serotype-specific immunogenicity of pneumococcal conjugate vaccines was also addressed in an indirect cohort study by Andrews et al [32] . These results indicate that serotype-specific results cannot be extrapolated to other serotypes.
In summary, our study showed that both PCV10 and PCV13 are immunogenic, evoking mostly comparable PC frequencies and IgG booster responses for the serotypes they share, but that PCV13 induces higher frequencies of serotype-specific Bmems. The clinical implications of the observed differences in Bmem frequencies and booster profiles of the PCV10 and PCV13 vaccines are unknown. Further studies to include taking additional blood samples from these children when they are older may elucidate the impact of this difference on, for example, maintenance levels and the functionality of specific IgG in the longer term.
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